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Short-term Variability of Repolarization Is Superior to Other
Repolarization Parameters in the Evaluation of Diverse

Antiarrhythmic Interventions in the Chronic
Atrioventricular Block Dog
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Abstract: Short-term variability (STV), to quantify beat-to-beat
variability of repolarization, is a surrogate parameter that reliably
identifies proarrhythmic risk in preclinical models. Examples include
not only the use in the chronic atrioventricular block (CAVB) dog
model whereby it was developed but also in vulnerable patients with
heart failure or drug-induced long QT syndrome. In the CAVB dog
model, STV can specifically distinguish between safe and unsafe
drugs in proarrhythmic screening. Conversely, this dog model also
offers the possibility to evaluate antiarrhythmic strategies in a setting
of Torsades de Pointes (TdP) induction with a standard IKr inhibitor.
The different antiarrhythmic interventions studied in suppression and
prevention of drug-induced TdP in vivo in the CAVB dog model and
in vitro in canine ventricular cardiomyocytes are described in this
overview. We provide evidence that STV predicts the magnitude of
antiarrhythmic effect against TdP better than other repolarization
parameters in both suppression and prevention conditions. More-
over, suppression and prevention experiments revealed the same
level of antiarrhythmic efficacy, whereas cellular experiments seem
more sensitive in comparison with drug testing in vivo. Together,
these observations suggest that STV could be used as a consistent
indicator to rank efficacy of antiarrhythmic interventions in a number
of conditions.
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INTRODUCTION
Life-threatening ventricular arrhythmias, such as ventric-

ular tachycardia and ventricular fibrillation, are responsible for
approximately 2 thirds of all sudden cardiac deaths.1 Several
studies have demonstrated that patients affected by acute cor-
onary syndromes and structural heart disease related to ische-
mic cardiomyopathy show a diminished cardiac function and
an enhanced risk for ventricular arrhythmias.2,3 Although
implantation of an internal cardioverter-defibrillator is designed
to prevent sudden cardiac death in this patient population,2,3

this device-based strategy, despite being costly, does not pre-
vent the incidence of ventricular arrhythmias and is associated
with a number of shortcomings.4 After the Cardiac Arrhythmia
Suppression Trial, a number of clinical trials have tried to
demonstrate the benefit of using antiarrhythmic drug in post-
myocardial patients, but only a few drugs gained approval and
reached the market because of lack of efficacy and/or proar-
rhythmic adverse effects.5 The development of efficacious
adjunctive (pharmacological) therapies remains therefore
a major challenge for pharmaceutical companies.

In an effort to predict the proarrhythmic vulnerability of
patients at risk and torsadogenic properties of drug, several
markers have been developed for preclinical and clinical
purposes6 and were derived from the original concept of
triangulation, instability, and dispersion of repolarization of
Hondeghem et al.7 In addition, the increase in beat-to-beat var-
iability of repolarization (BVR), which can be quantified as
short-term variability of repolarization (STV), associates better
to the clinical proarrhythmic susceptibility than the sole prolon-
gation of repolarization in patients affected by heart failure or
drug-induced long QT syndrome.8,9 Repolarization reserve,
known as the redundancy in mechanisms allowing a proper repo-
larization process,10 is reduced in patients vulnerable to ventric-
ular arrhythmias.11 By distinguishing between high- and low-risk
(heart failure) patients, STV seems to represent a reliable surro-
gate parameter for the assessment of repolarization reserve.12

STV was originally developed in the chronic atrioven-
tricular block (CAVB) dog, a well-characterized animal
model with an enhanced susceptibility to Torsade de Pointes
(TdP) arrhythmias.13 In this model, the increase in STV,
derived from the left ventricular monophasic action potential
duration (LV MAPD), is also superior to repolarization delay
in reflecting TdP inducibility.14 Therefore, the sensitivity and
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specificity of this parameter have also been used in a setting
of proarrhythmic screening to confirm drugs’ safety15,16 and
proarrhythmic effects.14,17

Over the years, the enhanced proarrhythmic susceptibil-
ity of the CAVB dog model has been used also for the
evaluation of antiarrhythmic interventions, including drugs.15–
17 The purpose of this work is to provide a comprehensive
overview of the different antiarrhythmic interventions that have
been investigated in vivo in the CAVB dog model and in vitro
in isolated canine ventricular cardiomyocytes as published
before and to compare their outcomes to deduce general prin-
ciples on parameters used in antiarrhythmic screening

strategies within this model system. Their respective antiar-
rhythmic efficacies against drug-induced TdP and early after-
depolarizations (EADs) were quantified, ranked, and compared
with changes observed in repolarization, STV, and a surrogate
for spatial dispersion of repolarization (in vivo only).

Arrhythmogenesis in the CAVB Dog Model
The acute and chronic adaptations of the heart occurring

at the contractile and structural levels after ablation of the
atrioventricular node have been well described.13 In addition,
electrical remodeling occurs and mainly comprises the

FIGURE 1. A, Arrhythmogenesis in the CAVB dogmodel. B, Suppression and prevention experimental setups for antiarrhythmic drug
evaluation. Lines define intervals during which arrhythmias were monitored to determine TdP inducibility and AS at corresponding
periods. Dots define timepoints at which electrophysiological parameters (ECG intervals, MAPD, and STV) were measured. For the
proarrhythmic challenge period, they were measured before incidence of the first ectopic beat or (if possible) TdP episode. In the
prevention experiments, in the absence of arrhythmias, these parameters were measured at the end of the proarrhythmic challenge
infusion (15 minutes). C, Induction of EADs by a proarrhythmic challenge in isolated canine ventricular cardiomyocytes. EADs occur
under conditions of increased action potential duration and STV of repolarization. AS, arrhythmia score; MAPD, monophasic action
potential duration; STV, short-term variability of repolarization; X, End of antiarrhythmic drug in suppression experiment; Y, end of
antiarrhythmic drug in prevention experiment; EB, ectopic beat; TdP, Torsade de Pointes; EADs, early afterdepolarizations.
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downregulation of the slow and rapid components of the de-
layed rectifier outward potassium currents (IKs and IKr) along
with disturbed calcium handling.13 Besides ventricular remod-
eling,18 also anesthesia19 and bradycardia20 predispose approx-
imately 75% of canine hearts to develop TdP on a class III
antiarrhythmic (eg, dofetilide or sertindole) challenge (Fig.
1A). All these factors abnormally prolong repolarization and
increase its temporal14 (STV) and spatial (transmural, intraven-
tricular and interventricular) dispersion21 through the enhance-
ment of BVR and spatial heterogeneity, respectively (Fig. 1A).
Detailed mapping studies performed in the CAVB dog model
revealed the importance of focal activity, resulting from
afterdepolarization-related triggered activity, in the initiation
and perpetuation of TdP,21–24 whereas re-entrant circuits were
less dominant.24 Importantly, induction of TdP is highly repro-
ducible (95%) on the administration of a proarrhythmic drug.13

At the cellular level, afterdepolarizations are termed
early (EADs) or delayed (DADs), depending on their timing
relative to the action potential. EADs arise during phase 2
(plateau) or phase 3 (repolarization) of the action potential
and can be generated through the reactivation of the L-type
calcium channel under conditions of prolonged repolariza-
tion. In addition, calcium overload of the sarcoplasmic
reticulum25 may lead to spontaneous calcium sparks through
the ryanodine receptors and generate an EAD through the
inward current created by the reverse mode of the sodium–
calcium exchanger (NCX).25 DADs occur once repolarization
is complete and are mediated by the NCX in a similar
mechanism to that described for EADs. Both EADs and
DADs have been demonstrated as the mechanisms initiating
arrhythmogenesis in the CAVB dog model.26

ANTIARRHYTHMIC STRATEGIES STUDIED IN
THE CAVB DOG MODEL

In the present overview, antiarrhythmic strategies
investigated in vivo are classified as pharmacological and
nonpharmacological interventions. Associated effects on
repolarization parameters are summarized in Tables 1 and
2, respectively. In addition, changes in heart rate (RR inter-
val) can be found in Supplemental Digital Content 1 (see
Tables 1 and 2, http://links.lww.com/JCVP/A261).

Pharmacological Interventions
In the CAVB dog, after a baseline period, pharmaco-

logical antiarrhythmic interventions were evaluated using 2
different protocols: after (suppression experiment) and/or
preceding (prevention experiment) a dofetilide or sertindole
proarrhythmic challenge (Fig. 1B). In suppression experi-
ments, antiarrhythmic drugs were only administered in dogs
exhibiting TdP in a reproducible manner on proarrhythmic
challenge. Because TdP reproducibility between experi-
ments is approximately 95% in CAVB dogs,13 prevention
experiments were performed only in dogs inducible in a pre-
vious experiment. Drugs were ranked according to their
ability to suppress or prevent incidence of TdP in CAVB
dogs: high (,20%), moderate (20%–80%), or low/absent
(.80% of dogs with remaining TdPs) antiarrhythmic effect.
A TdP arrhythmia was defined as a ventricular tachycardia

of at least 5 consecutive ectopic beats characterized by
twisting QRS morphologies around the isoelectric line.
For the periods corresponding to baseline, proarrhythmic
challenge and antiarrhythmic drug, an arrhythmia score
(AS) was calculated as the average of the most 3 severe
arrhythmic events within 10 minutes (Fig. 1B): no ectopic
beat (no EB: 1 point), single EB (sEB: 2 points), multiple
EB (mEB: 3–5 points), beats of TdP (6–50 points), and
number of defibrillations (50, 75, and 100 points for 1, 2
or $3 defibrillations, respectively). Statistical analysis of
AS was performed using a nonparametric paired test (Fried-
man test). P values lower than 0.05 were considered signif-
icant. Electrophysiological parameters presented in this
overview are represented by QT interval corrected for heart
rate [QTc, using van de Water formula: QTc = QT20.087 ·
(10002RR)], left and right ventricular endocardial mono-
phasic action potential duration (LV and RV MAPD), STV
derived from LV MAPD and calculated from 30 consecu-
tive beats to assess BVR as previously described by Thom-
sen et al14 (STV = SjDn+1 + Dn22Dmeanj/[30 · O2]) to
assess BVR, and interventricular dispersion of repolariza-
tion (DMAPD = LV2RV MAPD) as a surrogate for spatial
dispersion of repolarization.

Drugs With High Antiarrhythmic Efficacy
Calcium blockers flunarizine (2 mg/kg) and verapamil

(0.4 mg/kg) demonstrated a very robust antiarrhythmic
effect in CAVB dogs by completely suppressing
dofetilide-induced TdP27 and reducing AS to baseline. This
strong antiarrhythmic effect was associated with the resto-
ration of STV values to baseline levels (Table 1 and Fig.
2A). Although sharing a similar antiarrhythmic profile, the
effect on QTc and interventricular dispersion of repolariza-
tion (DMAPD) greatly differed: flunarizine reduced both
parameters to baseline values, whereas verapamil did not
decrease them (Table 1 and Fig. 2A). In prevention experi-
ments, flunarizine and verapamil did not provoke any ar-
rhythmias. In addition, both drugs also successfully
prevented the incidence of dofetilide-induced TdP27 and
kept AS low by significantly limiting the STV increase asso-
ciated with dofetilide challenge (Table 1 and Fig. 2B),
despite the considerable and significant prolongation of
repolarization including QTc (Table 1). Interestingly,
administration of flunarizine, but not verapamil, resulted in
the reduction of STV and shortened repolarization duration
compared with baseline (Table 1 and Fig. 2B). Reactivation
of L-type calcium current occupies a central role in the
incidence of EADs. Therefore, inhibition of this current re-
sults in an efficient antiarrhythmic effect. Additional cellular
investigations showed that flunarizine also inhibited the late
sodium current (late INa), whereas verapamil reduced the
frequency of calcium sparks during diastole. Enhancement
of these 2 components is known to reduce repolarization
reserve and to contribute significantly to the generation of
afterdepolarizations.28,29 These additional blocking proper-
ties certainly contribute to the high antiarrhythmic efficacy
of flunarizine and verapamil.

Although highly efficient against ventricular arrhythmias,
calcium antagonists produce a significant negative inotropic
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Table 1. Suppressive and Preventive Antiarrhythmic Efficacy in CAVB Dogs Sensitive to Drug-Induced TdP Arrhythmias

Dose

TdP
Incidence
After Drug

QTc, milliseconds LV MAPD, milliseconds

Baseline Challenge Drug Baseline Challenge Drug

Suppression experiment

Flunarizine (n = 10) 2 mg/kg 0/10* 421 6 49 553 6 40† 425 6 38* 355 6 35 492 6 53† 367 6 42*

Verapamil (n = 7) 0.4 mg/kg 0/7* 424 6 62 566 6 87† 516 6 90† 349 6 88 505 6 110† 466 6 95†

SEA0400 $ (n = 4) 0.8 mg/kg 0/4 408 6 51 549 6 95 702 6 45 — — —

Levcromakalim (n = 7) 3 mg/kg 2/7 367 6 50 460 6 69† 481 6 120† 330 6 44 428 6 78† 410 6 99†

10 mg/kg 1/7* — — 380 6 44* — — 323 6 66*

Lidocaine (n = 6) 3 mg/kg 2/6 360 6 51 489 6 41 503 6 72 328 6 23 478 6 38† 394 6 63

Ranolazine (n = 5) 4 mg/kg, +0.225 mg$kg21$min21 2/5 416 6 59 523 6 69† 489 6 88† 361 6 59 538 6 80† 497 6 81†

W7 (n = 6) 50 mmol/kg 2/6 421 6 75 569 6 137† 467 6 94* 354 6 54 520 6 111† 408 6 151*

K201

low dose (n = 3) 0.1 mg/kg, +0.01 mg$kg21$min21 8/8 435 6 68 550 6 96† nq 333 6 59 483 6 103† nq

high dose (n = 5) 0.3 mg/kg, +0.03 mg$kg21$min21

AVE0118 (n = 3) 0.5 mg/kg 3/3 — — — 362 6 25 498 6 40† 380 6 50†

DMAPD, milliseconds STV, milliseconds AS

ReferenceBaseline Challenge Drug Baseline Challenge Drug Baseline Challenge Drug

Suppression experiment

Flunarizine (n = 10) 51 6 28 97 6 56† 48 6 32* 1.8 6 0.5 4.5 6 1.5† 1.5 6 0.6* 1.0 6 0.0 50.8 6 13.9† 1.4 6 0.8* 27

Verapamil (n = 7) 44 6 39 72 6 36 92 6 92 1.7 6 0.4 3.2 6 1.1† 1.5 6 0.7* 1.1 6 0.4 71.2 6 13.4† 1.9 6 0.8* 27

SEA0400 $ (n = 4) — — — 6.2 6 3.7 12.0 6 6.4 7.3 6 3.2 1.0 6 0.0 63.9 6 6.8† 7.2 6 10.2 30

Levcromakalim (n = 7) 25 6 20 55 6 46 52 6 73 1.8 6 0.5 4.9 6 2.1† 2.6 6 0.9* 1.2 6 0.3 29.8 6 16.9† 4.5 6 3.6 17

— — 18 6 52 — — 2.0 6 0.4* — — 2.0 6 0.8

Lidocaine (n = 6) 43 6 21 120 6 64 73 6 36 1.5 6 0.2 3.6 6 0.8† 2.3 6 0.9* 1.4 6 0.6 37.1 6 28.8† 6.6 6 7.1 15

Ranolazine (n = 5) 33 6 14 53 6 34 63 6 19 2.5 6 0.4 4.5 6 0.8† 3.2 6 0.5* 1.3 6 0.4 35.9 6 21.7† 16.1 6 19.3 15

W7 (n = 6) — — — 2.1 6 0.9 3.1 6 1.1 2.7 6 1.6 1.2 6 0.4 47.7 6 25.9† 5.9 6 8.6 33

K201

low dose (n = 3) — — — 1.5 6 0.5 3.1 6 0.5† nq 1.6 6 0.8 47.6 6 19.8† 31.5 6 27.4 34

high dose (n = 5)

AVE0118 (n = 3) — — — 2.3 6 0.9 5.3 6 0.1† nq 1.0 6 0.0 43.1 6 6.2† 27.0 6 12.3 35

Dose
TdP Incidence
Challenge

QTc, milliseconds LV MAPD, milliseconds

Baseline Drug Challenge Baseline Drug Challenge

Prevention experiment

Flunarizine (n = 8) 2 mg/kg 0/8 413 6 51 369 6 41† 476 6 77†* 299 6 44 277 6 36 380 6 65†*

Verapamil (n = 6) 0.4 mg/kg 0/6 417 6 58 417 6 41 611 6 34†* 332 6 68 328 6 34 554 6 77†*

Lidocaine (n = 6) 3 mg/kg 3/6 382 6 34 318 6 20† 586 6 38†* 323 6 41 281 6 25 522 6 51†*

Ranolazine (n = 6) 4 mg/kg, +0.225 mg$kg21$min21 4/6 392 6 38 438 6 43 565 6 31†* 362 6 49 410 6 49 573 6 56†*

K201

Low dose (n = 6) 0.1 mg/kg, +0.01 mg$kg21$min21 5/6 400 6 50 467 6 55† — 309 6 45 386 6 62 438 6 123†

High dose (n = 3) 0.3 mg/kg, +0.03 mg$kg21$min21 3/3 410 6 61 493 6 53† — 338 6 51 458 6 78† 368 6 62

AVE0118

Low dose (n = 6) 3 mg/kg 6/6 438 6 47 438 6 44 500 6 74†* 384 6 49 398 6 64 481 6 103†

High dose (n = 2) 10 mg/kg 2/2 376 6 27 360 6 48 — 344 6 74 342 6 73 —

DMAPD, milliseconds STV, milliseconds AS

ReferenceBaseline Drug Challenge Baseline Drug Challenge Baseline Drug Challenge

Prevention experiment

Flunarizine (n = 8) 42 6 27 22 6 16 38 6 42 1.5 6 0.6 1.0 6 0.5† 1.4 6 0.5 1.6 6 0.9 1.4 6 0.6 1.6 6 0.5 27

Verapamil (n = 6) 32 6 29 33 6 16 30 6 16 1.3 6 0.4 1.4 6 0.6 2.3 6 1.4 1.0 6 0.0 1.3 6 0.7 2.3 6 1.3 27

Lidocaine (n = 6) 53 6 29 36 6 11 169 6 44†* 1.4 6 0.3 1.2 6 0.2 3.1 6 0.4†* 1.0 6 0.0 1.0 6 0.0 9.7 6 13.0 15

Ranolazine (n = 6) 53 6 14 47 6 15 73 6 26 1.6 6 0.3 2.0 6 0.3 3.3 6 0.9 1.1 6 0.1 1.3 6 0.4 18.4 6 22.0 15

(continued on next page )
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effect,30 which prohibits their use in patients with heart failure.
In an attempt to preserve cardiac contractile function, NCX
inhibition appeared as an interesting pharmacological strategy
while providing efficient antiarrhythmic properties. In the
CAVB dog model, the NCX inhibitor SEA0400 (0.8 mg/kg)
suppressed all TdP arrhythmias induced by dofetilide.30

Although further prolongation of repolarization was observed
after SEA0400 (Table 1), the antiarrhythmic effect was associ-
ated with a reduction of STV after SEA0400, despite not reach-
ing statistical significance (Table 1). Importantly, a comparative
study between verapamil and SEA0400 showed that the NCX
inhibitor, unlike the calcium antagonist, did not evoke negative
inotropy while exhibiting a comparable antiarrhythmic effect.30

Administered after sertindole-induced TdP, the 2 con-
secutive doses (3 and 10 mg/kg) of the adenosine triphosphate
sensitive potassium current (IK,ATP) opener levcromakalim
decreased the incidence of TdP in a dose-dependent manner,
from 6/7 dogs after sertindole to 2 and 1/7 dogs after low and
high dose of levcromakalim, respectively.17 Infusion of the
low dose of levcromakalim was accompanied by a significant
decrease in STV, whereas repolarization parameters such as
QTc and DMAPD remained unaffected (Table 1). The high
dose, however, shortened repolarization duration and reduced
STV back to baseline values (Table 1 and Fig. 2A).

Hence, the high antiarrhythmic effect of this group of
drugs is associated with a decrease in STV back to baseline
level (suppression) or a reduced increase in STV after dofetilide
(prevention) independent of the changes in QTc and ΔMAPD.

Drugs With Moderate Antiarrhythmic Efficacy
Antiarrhythmic drugs showing moderate efficacy in the

CAVB dog model include drugs with different pharmacological
mechanisms. Although most of these drugs were studied in
a suppression regimen, only the INa inhibitors lidocaine and ra-
nolazine have been additionally tested in prevention experiments.
The late INa, enhanced in patients with heart failure, prolongs
repolarization and reduces repolarization reserve, facilitating
afterdepolarizations to occur in these patients.28 Administered
after dofetilide-induced TdP, lidocaine and ranolazine reduced
TdP incidence to 2/6 and to 2/5 dogs, respectively,15 and not

significantly reduced AS. Likewise, a modest (although signifi-
cant) STV reduction was observed with lidocaine and ranolazine
(Table 1 and Fig. 2A). These higher STV values in comparison
with the drug from the previous category were in accordance
with the remaining proarrhythmic activity after administration of
both INa inhibitors. In prevention experiments, lidocaine and
ranolazine similarly limited incidence of dofetilide-induced
TdP, reflected by the reduced magnitude of STV increase (Table
1 and Fig. 2B). The reduction of INa density in CAVB left
ventricular myocytes might explain the limited antiarrhythmic
efficacy of lidocaine and ranolazine, which could not fully com-
pensate for the downregulation and acute inhibition of IKr.15

Calcium–calmodulin protein kinase II (CaMKII), a pro-
tein playing a central role in calcium handling, is elevated in
patients with heart failure.31,32 In the CAVB dog model, do-
fetilide acutely increases CaMKII activity before the occur-
rence of TdP.33 Modulation of CaMKII activity by the
calmodulin inhibitor W7 was partially effective and resulted in
the suppression of TdP in 4/6 CAVB dogs. This antiarrhythmic
effect was accompanied by a significant shortening of QTc
(Table 1). Despite inducing TdP, dofetilide administration did
not result in a significant increase of STV (Table 1). Therefore,
W7 only mildly reduced STV values (Table 1).33

In summary, the decrease in STV and AS in the
suppression experiments did not reach baseline values, but
again these antiarrhythmic effects were accompanied by no
clear reduction in QTc and/or ΔMAPD. In prevention experi-
ments, lidocaine was responsible for a less pronounced
increase in STV after dofetilide, whereas QTc and ΔMAPD
showed large increases.

Drugs With Low or No Antiarrhythmic Efficacy
Among the pharmacological antiarrhythmic interven-

tions tested in the CAVB dog model, K201 and AVE0118
have shown a low or absent antiarrhythmic potential to
suppress or prevent drug-induced TdP arrhythmias (Table 1).
K201 is a multichannel blocking (IK,Ach, IKr, INa, ICaL, and IK1)
drug, which mainly stabilizes ryanodine receptors, therefore
limiting the incidence of EADs and DADs by prevention of
calcium sparks.34 AVE0118, an atrial-specific agent inhibiting

Table 1. (Continued ) Suppressive and Preventive Antiarrhythmic Efficacy in CAVB Dogs Sensitive to Drug-Induced TdP
Arrhythmias

DMAPD, milliseconds STV, milliseconds AS

ReferenceBaseline Drug Challenge Baseline Drug Challenge Baseline Drug Challenge

K201

Low dose (n = 6) 36 6 29 74 6 49† — 1.0 6 0.5 1.3 6 0.7 3.3 6 0.7†* 1.1 6 0.2 1.5 6 1.1 21.7 6 24.6† 34

High dose (n = 3) 48 6 40 98 6 61† — 1.2 6 0.3 2.9 6 0.8† 3.1 6 1.8† 1.3 6 0.6 2.0 6 1.2 29.4 6 33.5†

AVE0118

Low dose (n = 6) 49 6 31 64 6 26 103 6 70 2.1 6 0.4 2.1 6 0.3 4.6 6 1.8†* 1.4 6 1.3 1.3 6 0.6 41.4 6 18.4 35

High dose (n = 2) 59 6 38 58 6 12 — 2.5 6 0.1 2.5 6 0.1 —

TdP incidence is determined as number of dogs with TdP/number of experiments.
Values are represented as mean 6 SD.
*p,0.05 versus Challenge (suppression) or versus Drug (prevention).
†p,0.05 versus Baseline.
$, STV was determined from QT interval; ΔMAPD, interventricular dispersion of repolarization (difference LV2RV MAPD); nq, not quantifiable; QTc, QT interval corrected for

heart rate [van de Water formula, QTc = QT20.087 · (RR21000)]; STV of repolarization (derived from LV MAPD).
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FIGURE 2. Temporal dispersion of repolarization (STV) is superior to repolarization (QTc) and its spatial (interventricular DMAPD)
dispersion parameters in reflecting the magnitude of antiarrhythmic effect in suppression (A) and prevention (B) experiments
against TdP arrhythmias. Moderate antiarrhythmic effect by low-dose levcromakalim was accompanied by the reduction of STV
but not of other repolarization parameters (QTc and ΔMAPD). Subsequent administration of high-dose levcromakalim exerted
stronger antiarrhythmic activity associated with a further STV reduction. Arrhythmias are plotted as percentage (number of TdP
observed/number of experiments). Electrophysiological parameters: values are represented as mean 6 SD. QTc, QT corrected for
heart rate (van de Water formula); STV of repolarization (derived from LV MAPD); DMAPD, interventricular dispersion of repo-
larization (determined as LV2RV MAPD).
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the potassium currents IKur and IKAch, prolongs atrial but not
ventricular repolarization.35 Based on its pharmacological pro-
file, it could have been anticipated that AVE0118 would not
have antiarrhythmic properties against dofetilide-induced ar-
rhythmias. Although STV could not be measured in suppres-
sion experiments because of the remaining ectopic activity,
administration of dofetilide after either K201 or AVE0118
pretreatments considerably increased STV in the prevention
experiments (Table 1 and Fig. 2B).

Thus, when antiarrhythmic effect was low or even
absent, determination of electrophysiological parameters was
difficult, especially in suppression experiments. The increase
in STV in the prevention experiments clearly indicated no
antiarrhythmic action.

Nonpharmacological Interventions
Elevation of potassium (K+) by K+ chloride pretreat-

ment (4.6 6 0.9 vs. 2.7 6 0.4 mM in the control experiment,
P , 0.05) prevented sertindole-induced TdP, in which inci-
dence dropped from 6/7 (control experiment) to 1/7 dogs
(with potassium pretreatment, Table 2).17 This highly preven-
tive antiarrhythmic effect was associated with the reduction of
sertindole-induced increase in STV (Table 2), whereas repo-
larization parameters were prolonged to a similar extent in
both experiments, such as LV MAPD (Table 2).

Moreover, this study also showed that acute ventricular
pacing (1000 milliseconds cycle length) after sertindole-
induced TdP under idioventricular rhythm exerted complete
suppression of ventricular arrhythmias, which was associated
with the significant reduction of STV but not by repolarization

parameters including LV MAPD (Table 2).17 Another study
proved that high-rate pacing (600 milliseconds cycle length)
could significantly prevent dofetilide-induced TdP arrhythmias
incidence in dogs previously known to be susceptible at a lower
rate (1000 milliseconds cycle length). This was associated with
the reduction of dofetilide-induced increase in STV but not in
repolarization parameters (Table 2).20

EVALUATION OF ANTIARRHYTHMIC AGENTS IN
ISOLATED SINGLE CARDIOMYOCYTES
Whole-cell patch clamp technique using the current

clamp configuration is a method often used in isolated
cardiomyocytes to determine drug effects on repolarization
and their potential proarrhythmic risk liability. Similar to
in vivo experiments, BVR is involved in arrhythmic suscep-
tibility at the cellular level. The increase in STV was
previously shown to predict, beyond the extent of action
potential duration (APD) prolongation, proarrhythmic events
(incidence of EADs) in isolated cardiomyocytes (Fig. 1C).14

Conversely, antiarrhythmic drugs are also evaluated using
this in vitro method to gain more insight about their electro-
physiological and antiarrhythmic effects.

As observed in CAVB dogs, class III antiarrhythmic
challenge (dofetilide 1 mM) resulted in APD prolongation of
canine ventricular cardiomyocytes associated with an increase
in STV before the occurrence of EADs (Fig. 1C and Table 3).
The successful suppression of EADs after administration of
an antiarrhythmic drug was, similarly as in vivo, associated
with the reduction in STV instead of repolarization (APD)

TABLE 2. Antiarrhythmic Efficacy of Nonpharmacological Interventions in CAVB Dogs

Conditions
TdP Incidence
Challenge

QTc,
milliseconds

LV MAPD,
milliseconds

Baseline Challenge Baseline Challenge

Control [K+] = 2.7 6 0.4 mM 6/7 351 6 61 439 6 64* 324 6 55 408 6 65*

Potassium pretreatment [K+] = 4.6 6 0.9 mM* 1/7† 376 6 66 457 6 101* 345 6 53 432 6 72*

Control IVR 5/6 — 448 6 70 — 414 6 78

Ventricular pacing PCL 1000 milliseconds 0/6† — 491 6 83 — 403 6 114

Control (low-rate pacing) PCL 1000 milliseconds 6/7 445 6 24 534 6 69* 320 6 28 427 6 97*

High-rate pacing PCL 600 milliseconds 1/7 435 6 23 501 6 78* 251 6 16† 296 6 59†

DMAPD,
milliseconds

STV,
milliseconds

ReferenceBaseline Challenge Baseline Challenge

Control 16 6 18 37 6 43 2.0 6 0.7 4.5 6 1.3* 17

Potassium pretreatment 38 6 27 65 6 44 2.2 6 0.7 3.0 6 1.1†

Control — 45 6 36 — 4.9 6 1.5 17

Ventricular pacing — 52 6 45 — 3.2 6 1.0†

Control (low-rate pacing) — — 1.7 6 0.6 3.0 6 1.8* 20

High-rate pacing — — 0.9 6 0.2 1.5 6 1.4

TdP incidence is determined as number of dogs with TdP/number of experiments.
Values are represented as mean 6 SD.
*P , 0.05 versus baseline.
†P , 0.05 versus control.
[K+], kalemia; ΔMAPD, interventricular dispersion of repolarization (difference LV2RV MAPD); IVR, idioventricular rhythm; PCL, pacing cycle length; QTc, QT interval

corrected for heart rate (van de Water formula); STV, short-term variability of repolarization (derived from LV MAPD).
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shortening (Table 3). As an example, exposition to SEA0400
(1 mM) resulted in the complete suppression of EADs in 11
cardiomyocytes.30 This strong antiarrhythmic effect was asso-
ciated with a reduction of STV from 65 6 10 milliseconds
after dofetilide to 20 6 6 milliseconds after SEA0400 (P ,
0.05), despite APD remaining prolonged (Table 3).

The comparison of outcomes collected from in vivo and
in vitro models revealed a higher sensitivity of isolated
cardiomyocytes in response to antiarrhythmic drugs. For
example, ranolazine or W7, although both moderately effective
in CAVB dogs (Table 1), exhibited a strong antiarrhythmic
effect in vitro (Table 3). Several reasons may explain these
differences. First, isolated cardiomyocytes tested in patch
clamp experiments are highly likely to be exposed to a higher
drug concentration than the unbound drug fraction reaching the
cardiac tissue in vivo, subsequently resulting in a different
degree of interaction with ion channels (on and off targets).
Second, the nature of arrhythmic episodes observed in both
models differs greatly. Despite being initiated by a triggered
activity mechanism, TdP arrhythmias in vivo require cell-to-
cell coupling and a three-dimensional component (spatial
heterogeneity) combined with other modulators such as
mechanical workload or autonomic nervous system. These
factors are all absent in the simplified in vitro system, in which
only EADs can be induced through a single (vs. multiple in-
vivo) hit on repolarization.36 Moreover, the use of isolated
cardiomyocytes has shown to lack specificity in recognizing
safe drugs in cellular proarrhythmic screening.37,38 Neverthe-
less, these cellular experiments remain complementary to the
in vivo model by providing a useful approach to gain insight
into the underlying antiarrhythmic mechanisms.

COMPARING THE DIFFERENT METHODOLOGIES
TO ASSESS ANTIARRHYTHMIC EFFICACY
In general, the suppression and prevention experiments

revealed similar results. All drugs tested belonged to a certain
category, independent to the methodology chosen. It is also
clear that isolated myocytes demonstrate a more optimal
picture in classifying drug antiarrhythmic actions: more drugs
belonged to the high antiarrhythmic category as seen in vivo.

STV OF REPOLARIZATION IS SUPERIOR TO
REPOLARIZATION PARAMETERS IN

PREDICTING ANTIARRHYTHMIC EFFECT
As mentioned before, the administration of an IKr

blocker in CAVB dogs always results in repolarization pro-
longation (Fig. 1A). However, although the extent of repolar-
ization delay cannot discriminate between resistant and
susceptible dogs to TdP, STV is the only parameter able to
accurately predict the incidence of ventricular arrhyth-
mias.14,39 Therefore, STV may offer the possibility to indi-
vidually evaluate the proarrhythmic susceptibility in relation
to repolarization reserve, after ventricular remodeling and/or
acute proarrhythmic challenge.12

Moreover, the observations from antiarrhythmic inter-
ventions studied in the CAVB dog model and in isolated
canine cardiomyocytes have demonstrated that STV is also
superior to other repolarization parameters in reflecting their
respective antiarrhythmic efficacy. The successful interven-
tion of suppressing TdP incidence was always accompanied
by the reduction in STV value, regardless of the evolution of
other repolarization parameters (Table 1 and Fig. 2, eg, flu-
narizine vs. verapamil). In the case of a highly effective anti-
arrhythmic effect, STV returned to baseline values, whereas
STV in the moderately effective drugs was only mildly (but
significantly) reduced. Therefore, we hypothesize that suc-
cessful suppressive therapy, terminating arrhythmic episodes,
is able to acutely increase the repolarization reserve associ-
ated with STV reduction. In the prevention setting, both flu-
narizine and verapamil maintained a high repolarization
reserve, which prohibited dofetilide-induced increase in
STV and associated ectopic activity (Table 1).

The significant antiarrhythmic efficacy of verapamil,
levcromakalim (low dose) (Table 1), and ventricular pacing
(Table 2) was only associated with a reduction of STV with-
out a shortening in repolarization. Moreover, despite the sig-
nificant QTc increase after dofetilide challenge in verapamil
pretreated dogs, the absence of arrhythmic events was, once
more, accompanied by the low STV value (Table 1). These
findings further support the use of STV reduction, instead of
repolarization shortening, as a strong indicator for antiar-
rhythmic efficacy.

TABLE 3. Suppressive Antiarrhythmic Efficacy in Isolated Canine Ventricular Cardiomyocytes

Concentration

EAD
Incidence
After Drug

APD,
milliseconds

STV,
milliseconds

ReferenceBaseline Challenge Drug Baseline Challenge Drug

Flunarizine (n = 8) 1 mM 0/8* 337 6 119 507 6 153† 289 6 60† 14 6 14 65 6 34† 11 6 5† 27

SEA0400 (n = 11) 1 mM 0/11* 352 6 66 764 6 160† 6806 171† 8 6 4 65 6 10† 20 6 6† 30

Ranolazine (n = 9) 15 mM 0/9* 436 6 98 526 6 125† 486 6 94 17 6 8 34 6 16† 19 6 8 15

W7 (n = 6) 50 mM 0/6* 479 6 98 594 6 233† 352 6 35† 40 6 27 70 6 54† 16 6 9† 33

KN93 (n = 9) 50 mM 1/9* 405 6 113 752 6 356† 463 6 133 18 6 11 91 6 43† 35 6 18† 33

Cyclosporin (n = 4) 1 mg/mL 3/4 340 6 70 541 6 118† nq 12 6 8 77 6 65† nq 33

EAD incidence is determined as number of cells with EAD/number of experiments.
Values are represented as mean 6 SD.
*P , 0.05 versus challenge.
†P , 0.05 versus baseline.
APD, action potential duration; nq, not quantifiable; STV, short-term variability of repolarization (derived from APD).
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In suppression experiments, the level of STV after the
pharmacological intervention seemed to positively correlate
with its associated antiarrhythmic efficacy (Fig. 3A). Likewise,
in the prevention regimen, the extent of dofetilide-induced
STV increase in pretreated animals was strongly associated
with the protective effect of the antiarrhythmic agent (Fig.
3B). Therefore, this suggests that STV could be used as a strong
indicator for antiarrhythmic drug evaluation. In addition, along
with QTc interval, changes in the spatial (interventricular,
DMAPD) dispersion of repolarization were not always associ-
ated with the observed antiarrhythmic outcome. Generally, the
administration of a proarrhythmic challenge (dofetilide or ser-
tindole) resulted in DMAPD increase thereby supporting pre-
vious preclinical and clinical data, which together showed that
conditions of increased spatial dispersion of repolarization
favored incidence of ventricular arrhythmias in long QT syn-
drome.40–43 However, unlike STV, the increase of DMAPD
lacked specificity in discriminating inducible from resistant
CAVB dogs.39 Recently, a detailed mapping study investigat-
ing the mechanism of TdP in the CAVB dog model confirmed
that interventricular difference in repolarization was not a deter-
minant factor for TdP inducibility.21 Moreover, it revealed that
the focus of ectopic activity constantly arose from the site of
maximal heterogeneity of repolarization. Importantly, the
increased local (intraventricular and transmural) heterogeneity
of repolarization was found in dogs susceptible to TdP and also
correlated with arrhythmic event severity, demonstrating that
a minimum local gradient of repolarization was necessary for
the initiation of a TdP.21 In addition to the present observa-
tions, these findings suggest that DMAPD may not be specific
for antiarrhythmic evaluation because this parameter does not
capture the local change in repolarization heterogeneity.

For an antiarrhythmic intervention to be efficient in the
CAVB dog model, there are, in principle, several possibilities
(Fig. 1A, underlined items): a complete reversal of the abnormal
repolarization and its temporal and spatial dispersion compo-
nents (eg, flunarizine) or the reduction of temporal dispersion
with minor effects on repolarization (eg, verapamil). The third
possibility is the reduction of spatial (intraventricular and trans-
mural) dispersion of repolarization, a mechanism already
described in relation with antiarrhythmic drugs,40 but none
has ever been investigated thus far by the group of Vos.

LIMITATIONS
Despite showing a clear correlation with the antiar-

rhythmic effect observed, the major drawback of STV is
related to its calculation based on consecutive normal beats.
Sometimes in suppression experiments, the low antiarrhyth-
mic potency of the drug tested, as observed with K201 and
AVE0118, makes the determination of STV impossible
because of the residual ectopic activity. Nevertheless, the
prevention setting, which provided comparable outcomes in
antiarrhythmic efficacy to the suppression setting, may offer
an elegant alternative to circumvent this problem.

In this comparison, only interventricular dispersion of
repolarization has been used to quantify the relevance
of spatial dispersion. We are well aware of other methods
of quantification, such as at the intraventricular or transmural
level, which may provide additional information.

In this animal model, antiarrhythmic efficacy of inter-
ventions was evaluated along with associated electrophysio-
logical changes in an acute manner after or preceding
a proarrhythmic challenge. The evaluation of impact on
survival is clearly beyond the scope of this model and
remains to be investigated further by follow-up studies in
patients.

CONCLUSIONS
The shortening of repolarization or the reduction in

interventricular dispersion of repolarization does not appear
to be most important when trying to quantify antiarrhythmic
efficacy of pharmacological and nonpharmacological inter-
ventions in the CAVB dog model. STV was the only
parameter to predict the magnitude of efficacy of different
antiarrhythmic drugs against class III–induced TdP in vivo in
both suppression and prevention experiments, as well as
against EADs in vitro.

REFERENCES
1. Huikuri HV, Castellanos A, Myerburg RJ. Sudden death due to cardiac

arrhythmias. N Engl J Med. 2001;345:1473–1482.
2. Moss AJ, Zareba W, Hall WJ, et al. Multicenter automatic defibrillator

implantation trial III. prophylactic implantation of a defibrillator in pa-
tients with myocardial infarction and reduced ejection fraction. N Engl J
Med. 2002;346:877–883.

FIGURE 3. STV of repolarization
strongly indicates the pharmacolog-
ical antiarrhythmic efficacy in sup-
pression (A) and prevention (B)
experiments. STV values (dots), de-
picted for suppression (after antiar-
rhythmic drug administration) and
prevention (after dofetilide adminis-
tration) experiments are represented
as mean 6 SD. AS (bars) is expressed
as mean 6 SD. TdP inducibility is
indicated as number of dogs with
TdP/number of experiments. nq: not
quantifiable. STV, short-term vari-
ability of repolarization (derived
from LV MAPD).

Bossu et al J Cardiovasc Pharmacol� � Volume 69, Number 6, June 2017

406 | www.jcvp.org Copyright © 2017 The Author(s). Published by Wolters Kluwer Health, Inc.



3. Bardy GH, Lee KL, Mark DB, et al. Sudden cardiac death in heart failure
trial I. Amiodarone or an implantable cardioverter-defibrillator for con-
gestive heart failure. N Engl J Med. 2005;352:225–237.

4. Koller MT, Schaer B, Wolbers M, et al. Death without prior appropriate
implantable cardioverter-defibrillator therapy: a competing risk study.
Circulation. 2008;117:1918–1926.

5. Echt DS, Liebson PR, Mitchell LB, et al. Mortality and morbidity in
patients receiving encainide, flecainide, or placebo. The cardiac arrhyth-
mia suppression trial. N Engl J Med. 1991;324:781–788.

6. Baumert M, Porta A, Vos MA, et al. QT interval variability in body
surface ECG: measurement, physiological basis, and clinical value: posi-
tion statement and consensus guidance endorsed by the european heart
rhythm association jointly with the ESC working group on cardiac cel-
lular electrophysiology. Europace. 2016;18:925–944.

7. Hondeghem LM, Carlsson L, Duker G. Instability and triangulation
of the action potential predict serious proarrhythmia, but action
potential duration prolongation is antiarrhythmic. Circulation.
2001;103:2004–2013.

8. Hinterseer M, Thomsen MB, Beckmann BM, et al. Beat-to-beat variabil-
ity of QT intervals is increased in patients with drug-induced long-QT
syndrome: a case control pilot study. Eur Heart J. 2008;29:185–190.

9. Hinterseer M, Beckmann BM, Thomsen MB, et al. Usefulness of short-
term variability of QT intervals as a predictor for electrical remodeling
and proarrhythmia in patients with nonischemic heart failure. Am J
Cardiol. 2010;106:216–220.

10. Roden DM. Repolarization reserve: a moving target. Circulation. 2008;
118:981–982.

11. Varro A, Baczko I. Cardiac ventricular repolarization reserve: a principle
for understanding drug-related proarrhythmic risk. Br J Pharmacol.
2011;164:14–36.

12. Varkevisser R, Wijers SC, van der Heyden MA, et al. Beat-to-beat var-
iability of repolarization as a new biomarker for proarrhythmia in vivo.
Heart Rhythm. 2012;9:1718–1726.

13. Oros A, Beekman JD, Vos MA. The canine model with chronic, com-
plete atrio-ventricular block. Pharmacol Ther. 2008;119:168–178.

14. Thomsen MB, Verduyn SC, Stengl M, et al. Increased short-term vari-
ability of repolarization predicts d-sotalol-induced torsades de pointes in
dogs. Circulation. 2004;110:2453–2459.

15. Antoons G, Oros A, Beekman JD, et al. Late Na+ current inhibition by
ranolazine reduces torsades de pointes in the chronic atrioventricular
block dog model. J Am Coll Cardiol. 2010;55:801–809.

16. Varkevisser R, van der Heyden MA, Tieland RG, et al. Vernakalant is
devoid of proarrhythmic effects in the complete AV block dog model.
Eur J Pharmacol. 2013;720:49–54.

17. Thomsen MB, Volders PG, Beekman JD, et al. Beat-to-beat variability
of repolarization determines proarrhythmic outcome in dogs suscepti-
ble to drug-induced Torsades de Pointes. J Am Coll Cardiol. 2006;48:
1268–1276.

18. Dunnink A, van Opstal JM, Oosterhoff P, et al. Ventricular remodelling
is a prerequisite for the induction of dofetilide-induced torsade de pointes
arrhythmias in the anaesthetized, complete atrio-ventricular-block dog.
Europace. 2012;14:431–436.

19. Dunnink A, Sharif S, Oosterhoff P, et al. Anesthesia and arrhythmo-
genesis in the chronic atrioventricular block dog model. J Cardiovasc
Pharmacol. 2010;55:601–608.

20. Oosterhoff P, Thomsen MB, Maas JN, et al. High-rate pacing reduces
variability of repolarization and prevents repolarization-dependent ar-
rhythmias in dogs with chronic AV block. J Cardiovasc Electrophysiol.
2010;21:1384–1391.

21. Dunnink A, Stams TR, Bossu A, et al. Torsade de pointes arrhythmias
arise at the site of maximal heterogeneity of repolarization in the chronic
complete atrioventricular block dog. Europace. 2016. DOI: 10.1093/
europace/euw087.

22. Kozhevnikov DO, Yamamoto K, Robotis D, et al. Electrophysiological
mechanism of enhanced susceptibility of hypertrophied heart to acquired
torsade de pointes arrhythmias: tridimensional mapping of activation and
recovery patterns. Circulation. 2002;105:1128–1134.

23. Schreiner KD, Voss F, Senges JC, et al. Tridimensional activation pat-
terns of acquired torsade-de-pointes tachycardias in dogs with chronic
AV-block. Basic Res Cardiol. 2004;99:288–298.

24. Boulaksil M, Jungschleger JG, Antoons G, et al. Drug-induced torsade de
pointes arrhythmias in the chronic AV block dog are perpetuated by focal
activity. Circ Arrhythm Electrophysiol. 2011;4:566–576.

25. Sipido KR, Volders PG, de Groot SH, et al. Enhanced Ca2+ release and
Na/Ca exchange activity in hypertrophied canine ventricular myocytes:
potential link between contractile adaptation and arrhythmogenesis. Cir-
culation. 2000;102:2137–2144.

26. de Groot SH, Vos MA, Gorgels AP, et al. Combining monophasic action
potential recordings with pacing to demonstrate delayed afterdepolariza-
tions and triggered arrhythmias in the intact heart. Value of diastolic
slope. Circulation. 1995;92:2697–2704.

27. Oros A, Houtman MJ, Neco P, et al. Robust anti-arrhythmic efficacy of
verapamil and flunarizine against dofetilide-induced tdp arrhythmias is
based upon a shared and a different mode of action. Br J Pharmacol.
2010;161:162–175.

28. Antzelevitch C, Nesterenko V, Shryock JC, et al. The role of late INa in
development of cardiac arrhythmias. Handb Exp Pharmacol. 2014;221:
137–168.

29. Antoons G, Johnson DM, Dries E, et al. Calcium release near L-type
calcium channels promotes beat-to-beat variability in ventricular
myocytes from the chronic AV block dog. J Mol Cell Cardiol. 2015;
89:326–334.

30. Bourgonje VJ, Vos MA, Ozdemir S, et al. Combined Na+/Ca2+

exchanger and L-type calcium channel block as a potential strategy to
suppress arrhythmias and maintain ventricular function. Circ Arrhythm
Electrophysiol. 2013;6:371–379.

31. Hoch B, Meyer R, Hetzer R, et al. Identification and expression of
delta-isoforms of the multifunctional Ca2+/calmodulin-dependent pro-
tein kinase in failing and nonfailing human myocardium. Circ Res.
1999;84:713–721.

32. Kirchhefer U, Schmitz W, Scholz H, et al. Activity of cAMP-dependent
protein kinase and Ca2+/calmodulin-dependent protein kinase in failing
and nonfailing human hearts. Cardiovasc Res. 1999;42:254–261.

33. Bourgonje VJ, Schoenmakers M, Beekman JD, et al. Relevance of cal-
modulin/CamKII activation for arrhythmogenesis in the AV block dog.
Heart Rhythm. 2012;9:1875–1883.

34. Stams TR, Oros A, der Nagel R, et al. Effects of K201 on repolarization
and arrhythmogenesis in anesthetized chronic atrioventricular block dogs
susceptible to dofetilide-induced torsade de pointes. Eur J Pharmacol.
2011;672:126–134.

35. Oros A, Volders PG, Beekman JD, et al. Atrial-specific drug AVE0118 is
free of torsades de pointes in anesthetized dogs with chronic complete
atrioventricular block. Heart Rhythm. 2006;3:1339–1345.

36. Abi-Gerges N, Valentin JP, Pollard CE. Dog left ventricular midmyo-
cardial myocytes for assessment of drug-induced delayed repolarization:
short-term variability and proarrhythmic potential. Br J Pharmacol.
2010;159:77–92.

37. Nalos L, Varkevisser R, Jonsson MK, et al. Comparison of the IKr block-
ers moxifloxacin, dofetilide and E-4031 in five screening models of pro-
arrhythmia reveals lack of specificity of isolated cardiomyocytes. Br J
Pharmacol. 2012;165:467–478.

38. Bossu A, van der Heyden MAG, de Boer TP, et al. A 2015 focus on
preventing drug-induced arrhythmias. Expert Rev Cardiovasc Ther.
2016;14:245–253.

39. Thomsen MB, Oros A, Schoenmakers M, et al. Proarrhythmic electrical
remodelling is associated with increased beat-to-beat variability of repo-
larisation. Cardiovasc Res. 2007;73:521–530.

40. Shimizu W, Antzelevitch C. Sodium channel block with mexiletine is
effective in reducing dispersion of repolarization and preventing torsade
des pointes in LQT2 and LQT3 models of the long-qt syndrome. Circu-
lation. 1997;96:2038–2047.

41. Restivo M, Caref EB, Kozhevnikov DO, et al. Spatial dispersion of
repolarization is a key factor in the arrhythmogenicity of long QT syn-
drome. J Cardiovasc Electrophysiol. 2004;15:323–331.

42. Liu J, Laurita KR. The mechanism of pause-induced torsade de
pointes in long QT syndrome. J Cardiovasc Electrophysiol. 2005;
16:981–987.

43. Vijayakumar R, Silva JN, Desouza KA, et al. Electrophysiologic sub-
strate in congenital long QT syndrome: noninvasive mapping with elec-
trocardiographic imaging (ECGI). Circulation. 2014;130:1936–1943.

J Cardiovasc Pharmacol� � Volume 69, Number 6, June 2017 STV in Evaluation of Antiarrhythmic Efficacy

Copyright © 2017 The Author(s). Published by Wolters Kluwer Health, Inc. www.jcvp.org | 407


